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overall metabolic capacity. In contrast, P. damicornis 
showed much less proteomic adjustment, primarily involv-
ing structural proteins and those potentially linked to cellular 
redox balance, signifying a moderate, targeted strategy for 
physiological stability. These divergent responses highlight 
contrasting modes of resistance (plasticity versus stability). 
Integrated with physiological data, our findings clarify cellu-
lar mechanisms controlling calcification, demonstrating the 
value of proteomics in coral ecophysiology and providing 
new insights into species-specific vulnerability under future 
ocean conditions.

Keywords  Climate change · CO2 · LC–MS/MS 
proteomics · Coral calcification · Stylophora pistillata · 
Pocillopora damicornis

Introduction

Coral reefs face severe threat from global climatic and 
oceanic change, particularly from warming and ocean 
acidification (OA)(IPCC 2022). Rising partial pressure 

Abstract  Ocean acidification threatens coral reef ecosys-
tems by challenging calcification processes fundamental to 
reef accretion. Yet many corals continue to calcify under 
elevated pCO2, suggesting species-specific physiologi-
cal plasticity and potential cellular compensations. Here, 
we use label-free quantitative proteomics to investigate 
proteomic responses of two common pocilloporid corals, 
Stylophora pistillata and Pocillopora damicornis, with 
known differential resistance to ocean acidification after 
two months at moderate (~ 940 ppm) and high (~ 2,800 
ppm) pCO2 compared to the control (~ 480 ppm). S. pistil-
lata exhibited extensive proteomic restructuring under high 
pCO2, marked by widespread declines of energy-generating 
pathways, yet selective increase of proteins involved in ion 
transport, cytoskeletal stability, and stress responses. This 
indicates a strategy of general metabolic suppression cou-
pled with targeted investment into essential cellular func-
tions, potentially sustaining calcification despite reduced 
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of atmospheric carbon dioxide (pCO2) concentrations 
drive increases in seawater pCO2, lowering pH and alter-
ing carbonate chemistry at rates that may exceed many 
reef-building species’ ability to acclimatize (Liew et al. 
2018; Comeau et al. 2019). While warming effects are 
evident in tropical coral reefs, OA effects will intensify as 
atmospheric pCO2 exceeds 1,000 ppm by century’s end of 
this century (IPCC 2022), leading to ocean pH decline by 
0.3 to 0.4 units, altering seawater chemistry and impair-
ing the ability of marine calcifiers to form skeletons and 
shells (Caldeira and Wickett 2003; Orr et al. 2005; Kawa-
hata et al. 2019). As ocean chemistry shifts under elevated 
pCO2, shallow tropical marine habitats face increasing 
stress, coral reefs’ geo-ecological role through carbon-
ate framework and sediment deposition (Hoegh-Guldberg 
et al. 2017; Cornwall et al. 2021), vital for maintaining 
reef structure, biodiversity, and supporting coastal com-
munities worldwide (Costanza et al. 1997).

Calcifying marine organisms such as corals, foraminifera, 
echinoderms, and mollusks (Ries et al. 2009; Kawahata et al. 
2019; Khalil et al. 2022; Narayan et al. 2022) are considered 
particularly vulnerable to OA, as it impedes calcification 
and alters skeletal microstructures (Stuhr et al. 2021; Khalil 
et al. 2022). These effects arise from a dual mechanism: 
increased energetic costs to remove excess protons (H+) 
from the calcifying fluid for skeleton formation (Cohen and 
Holcomb 2009; Guillermic et al. 2021), and disruption of pH 
homeostasis at the tissue-skeleton interface, which can com-
promise calcification and activity of key enzymes (Mollica 
et al. 2018). Understanding these effects on reef-building 
organisms, such as coralline algae and scleractinian corals 
(Comeau et al. 2019; Kawahata et al. 2019; Cornwall et al. 
2021), is essential, as they provide the scaffolding for coral 
reefs and the essential ecosystem services they provide.

Studies on OA effects on tropical corals found diverse 
responses between host and symbiont species (Ries et al. 
2009; Hoadley et al. 2015; Hoegh-Guldberg et al. 2017; 
Kawahata et al. 2019; Cornwall et al. 2021), due to com-
plex biological impacts on photo-physiology, calcification 
and pH regulation (Cornwall et al. 2024). The effects on 
photosymbiont-bearing calcifiers often appear limited or 
positive, suggesting remarkable resilience (Ries et al. 2009; 
Leung et al. 2022). This is supported by CO2’s ‘fertilizing’ 
effect, enhancing availability of CO2 to photosynthesizing 
microalgae within the coral tissue, boosting their produc-
tivity and photosynthate supply (Tremblay et al. 2013) to 
cnidarian hosts. This may provide energy to compensate for 
increased gradients between calcifying fluid and surrounding 
seawater (∆[H+]) (Ries et al. 2009; Gold and Vermeij 2023). 
Moreover, proteins that facilitate organic matrix organiza-
tion appear crucial for calcification by lowering costs of 
growth energy (Tambutté et al. 2015; Zaquin et al. 2022). 
Nevertheless, our understanding of molecular processes 

behind corals’ capacity to adjust to acidified conditions and 
continued calcification remains incomplete.

A two-month experiment showed enhanced calcifica-
tion rates of three tropical corals with increasing pCO2 up 
to 3,000 ppm at control temperatures (Fig. 1; Guillermic 
et al. 2021; Cameron et al. 2022). However, their ability to 
elevate the pH of the calcifying fluid (pHCF) was impaired 
under thermal stress, reducing calcification rates. This 
pHCF decline correlated with symbiont loss, linking pho-
tosynthetic energy availability and pH regulation; however, 
molecular mechanisms for elevated proton removal remain 
unclear. High-throughput omics approaches can help clarify 
these pathways (Cziesielski et al. 2018; Stuhr et al. 2018; 
Williams et al. 2023) and has proven valuable in studying 
calcification and host-photosymbiont interactions in large 
benthic foraminifera (Stuhr et al. 2021) where high pCO2 
triggered significant changes in stress, metabolic, and cel-
lular maintenance proteins. These highlight cellular chal-
lenges faced by calcifying organisms, where energy diver-
sion toward calcification or stress management may affect 
other physiological functions.

Proteomics is an essential tool for understanding physio-
logical processes, as proteins directly drive cellular functions 
and represent phenotypic responses at the cellular level (Diz 
et al. 2012). Despite its potential, few studies have employed 
high-throughput proteomics to investigate protein dynam-
ics in corals (Maor-Landaw and Levy 2016; Williams et al. 
2023), especially under OA (Lin et al. 2022). Coral proteom-
ics studies have revealed that protein-level responses often 
differ from transcriptomic patterns (Mayfield et al. 2016; 
Cziesielski et al. 2018), highlighting the importance of 
regulatory mechanisms (post-transcriptional modifications, 
protein degradation) in response to environmental changes 
(Diz et al. 2012). Proteomics data provide insights into cel-
lular response dynamics and reveals adaptive mechanisms 
undetected by conventional methods. Moreover, recent stud-
ies have shown that coral protein signatures can predict their 
susceptibly (Mayfield et al. 2022) and that proteome-based 
clustering can resolve relationships among reef holobionts, 
providing phylogenetic context and uncovering cryptic 
diversity (Stuhr et al. 2022).

By investigating and comparing the proteomic 
responses of two ecologically significant tropical coral 
species, Stylophora pistillata and Pocillopora damicornis, 
to simulated OA scenarios, this study aims to identify 
key proteins involved in coral acclimatization and stress 
response to OA—addressing how corals continue calcify-
ing under severe OA. Both pocilloporids belong to the 
scleractinian ‘robust’ clade. While S. pistillata is consid-
ered resistant to OA, P. damicornis has shown inconsistent 
responses to elevated pCO2, with lower capacity to regu-
late the extracellular calcifying medium (Venn et al. 2019 
and references therein), increasing their susceptibility to 
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OA. This study builds on published physiological data 
(Fig. 1; Guillermic et al. 2021; Cameron et al. 2022) and 
uses comparative LC–MS/MS-based proteomics from the 
same experimental coral specimens to investigate effects 
of moderate (~ 940 ppm) and high (~ 2,800 ppm) pCO2 
treatments compared to controls (~ 480 ppm) over two 
months.

Given observed differences in OA resistance between 
species, we anticipated S. pistillata may exhibit a more 
dynamic proteomic response, involving increased abun-
dance of proteins related to ion regulation, calcification, 
and energy metabolism. P. damicornis was expected to 
show a more constrained response, focusing on stress 
defense. Due to host–symbiont interaction complexity 
and limited proteomic data under long-term OA exposure, 
our approach aims to detect patterns in protein abundance 
changes and identify pathways involved in coral accli-
matization to high seawater pCO2. Our results elucidate 
species-specific coral resistance and vulnerability to future 
ocean conditions, stimulate future studies and inform reef 
management.

Materials and Methods

Coral Selection and Experimental Design

The experiment focused on two reef-building coral species, 
Pocillopora damicornis and Stylophora pistillata, both of 
which are widespread across tropical reefs. Its design and 
monitoring of seawater parameters have been described in 
detail previously (Guillermic et al. 2021; Stuhr et al. 2021; 
Cameron et  al. 2022). Coral fragments were originally 
sourced from various colonies in the Fiji Islands. Species 
identification followed the distributor’s classification since 
no genetic material was preserved, and we acknowledge that 
the colonies may represent closely related lineage within the 
species complex. Pocilloporids generally harbor dinoflagel-
late endosymbionts from the Symbiodiniaceae family, with 
both corals mostly containing Cladocopium goreaui and 
Fugacium kawagutii.

To simulate ocean acidification scenarios, corals were 
exposed to three pCO₂ conditions: ~ 480 ppm (control; 
slightly above the current global average atmospheric 
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Fig. 1   Responses of a, c, e Stylophora pistillata and b, d, f Pocil-
lopora damicornis to increasing pCO2 at 28 °C replotted for context. 
Points show treatment means ± SE computed from reported data. a, 
b Calcification rates (% dry wt day−1) and c, d color score are from 

Cameron et al. (2022), e, f calcifying fluid pH (pHCF, light) is from 
Guillermic et  al. (2021). Global p-values for the pCO2 effect (from 
the original studies) are shown in facets
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CO₂ concentration), ~ 940 ppm (moderate; year 2100 
under high-emission scenarios (IPCC 2022)), and ~ 2,800 
ppm (high; beyond year 2300 under persistent high-emis-
sion trajectories (Kawahata et al. 2019), an extreme level 
included to elicit strong physiological responses and assess 
mechanistic limits) over a period of eight weeks, following 
a 3-week acclimation phase. Experiments were conducted 
under controlled temperature conditions (28 °C) in a flow-
through seawater system with four replicate tanks per 
treatment. The experiments were carried out in the marine 
experimental facility (MAREE) at the Leibniz Centre for 
Tropical Marine Research (ZMT) in Bremen, Germany, 
and also included a set of higher temperature treatments. 
While we here focus on the pCO2 treatments at control 
temperature only, proteomic data obtained for the effects 
of thermal stress (31 °C) at high pCO2 on S. pistillata are 
accessible though the data repository.

Briefly, coral fragments were affixed to eggcrate stands 
labeled with unique identifiers and evenly distributed 
across experimental treatments and replicate tanks, ensur-
ing equivalent size ranges. Corals were cultured in 10-L 
replicate acrylic tanks, with seawater supplied by 244-L 
recirculating sumps equipped with mechanical filters, pro-
tein skimmers, and activated charcoal filters. To maintain 
stable conditions, natural seawater sourced from Spitsber-
gen, Norway, was continuously added to the system at a 
rate of 0.6 L per hour, preventing depletion of alkalinity, 
[Ca2+], and other seawater constituents throughout the 
study. Lighting conditions were regulated at 150 lx using 
actinic blue and white lights on a 12-h cycle. Nutrition was 
sustained by feeding Artemia salina nauplii at the end of 
every other day, with all filtration material cleaned the next 
morning. Corals were acclimated by initially maintaining 
them under control conditions for the first week, followed 
by gradual exposure to increasing pCO2 until reaching tar-
get conditions in the second week, which were then main-
tained for another week.

Sample collection, protein extraction and LC–MS/MS 
analysis

All fragments were collected after 62 days of treatment 
exposure. The corals were briefly rinsed with cooled, steri-
lized seawater, and the tissue was transferred from the skel-
eton into plastic zip-lock bags using an airbrush. The tissue 
slurries were immediately snap-frozen and stored at -80°C 
until processing. To gain insight into the underlying cellu-
lar responses of corals, a label-free quantitative proteomics 
approach based on liquid chromatography coupled to tandem 
mass spectrometry (LC–MS/MS) was applied, adjusted for 
coral samples from established methods (Stuhr et al. 2018, 
2021).

Proteomic data processing and analysis

Detailed descriptions of proteomic analyses and data pro-
cessing are available in the supplementary materials. Briefly, 
proteins were extracted using a 5% SDS buffer containing 
50 mM Tris, 150 mM NaCl, and protease inhibitors to 
prevent protein degradation. Coral tissues were homog-
enized via mechanical grinding and ultrasonication to shear 
nucleic acids. Lysates were centrifuged and supernatants 
collected. Protein concentrations were determined using 
bicinchoninic acid (BCA) assay, and equal amounts were 
used for the downstream digestion. Disulfide bonds were 
then reduced and alkylated using dithiothreitol (DTT, 10 
mM; incubation at 56 °C for 30 min) and iodoacetamide 
(IAA, 30 mM; incubation at room temperature in dark for 
30 min), respectively. Proteins were precipitated with cold 
ethanol, washed with acetone, and resuspended in trypsin 
digestion buffer. Digestion was performed overnight using 
sequencing-grade trypsin. For nano-LC–MS/MS analysis 
(Ultimate 3000 RSLC, Thermo Q Exactive HF), desalted 
peptides were resuspended in 0.1% TFA, and 400 ng of 
digested peptides per sample was injected onto the column. 
Peptides were trapped (2 cm × 100 µm C18) and separated 
(50 cm × 75 µm C18) over a 90 min gradient. Data were 
acquired in data-dependent mode, fragmenting the top 15 
precursors via HCD (higher-energy collisional dissocia-
tion). Mass spectrometry proteomics data have been depos-
ited in the ProteomeXchange Consortium via the PRIDE 
(Vizcaíno et al. 2016) partner repository (dataset identifier 
PXD062918).

Raw data were analyzed in Proteome Discoverer v1.4 
using Mascot and Sequest, searching against species-
specific coral–Symbiodiniaceae databases (Voolstra et al. 
2017; Cunning et  al. 2018). Peptide-spectrum matches 
were filtered at 1% FDR (false discovery rate), requiring ≥ 1 
unique peptide and ≥ 2 PSMs (peptide-spectrum matches). 
These metrics are contained in the deposited raw data and 
were used to compute normalized spectral abundance fac-
tors (NSAF), which correct for peptide number and protein 
size in the quantitative analyses (Zybailov et al. 2006). 
NSAF values were used to quantify protein abundance and 
log(x + 1)-transformed for statistical analysis in R v.4.3.2 
(R Core Team 2016). Symbiodiniaceae-associated proteins 
were excluded for both species from further analyses and 
discussion. Differentially abundant proteins (DAPs) between 
treatments (with n = 3 replicates each) were identified using 
generalized linear models (adonis function, R package 
’vegan’), with significance set at FDR-adjusted p ≤ 0.05 
(Benjamini–Hochberg correction). For data normalization, 
scaling factors were applied assuming most proteins remain 
stable across treatments. Non-detects were imputed using 
robust regression on order statistics (R package ’NADA’), 
assuming a log-normal distribution. Proteins with > 33% 
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non-detects were excluded. Functional annotation was per-
formed with eggNOG-mapper (Huerta-Cepas et al. 2019) 
and UniProtKB via BLAST. Principal component analyses 
and volcano plots (’ggplot2,’ ’ggrepel’) were used to visu-
alize treatment effects. PCAs were conducted on all DAPs 
to visualize proteomic differences between samples, using 
unit variance scaling for rows and singular value decom-
position. To focus on the most strongly regulated pro-
teins, we extracted DAPs with log₂FC ≥  ± 1 and post hoc 
p ≤ 0.05 (relative to controls), excluding those that differed 
only between the moderate and high pCO2 treatments. The 
resulting differentially concentrated proteins (DCPs) were 
grouped by functional categories based on GO annotations. 
Heatmaps with hierarchical clustering (average linkage, cor-
relation distance) were generated using treatment means of 
log-transformed NSAF values. For S. pistillata under high 
pCO2, the top regulated proteins were identified based on a 
combined rank of fold-change and p-value.

Results

Protein identification and association

In total, 6,631 and 4,576 proteins were identified for S. pistil-
lata (5,392 host coral-, 709 SymbC1- and 530 SymbF-asso-
ciated; Table S2) and P. damicornis (3,486 host coral-, 789 
SymbC1- and 301 SymbF-associated; Table S4) homoge-
nates, respectively. Per sample, a total of 1,030–3,109 
host proteins were identified, corresponding to an average 
sequence coverage of 8–13% and 3–4 unique peptides per 

protein (Table S1). Average peptide length ranged from 580 
to 700 amino acids across treatments. After removing low-
abundance protein clusters, 4,903 proteins remained for S. 
pistillata and 4,085 for P. damicornis, of which 1,674 and 
1,234 were commonly found across all treatments. Since our 
extraction protocol was designed to mainly lyse the cnidar-
ian host cells, the majority of identified proteins were coral-
associated (see sect. "Proteomic approach and methodologi-
cal considerations"). Symbiont-associated proteins were thus 
removed from downstream analyses and interpretation.

Patterns of differentially abundant proteins

Generalized linear models identified significant changes 
in abundance across treatments (p ≤ 0.05) for 315 differen-
tially abundant proteins (DAPs) in S. pistillata and 55 DAPs 
within P. damicornis. These represent 19.5 and 5% of the 
cleaned host proteomes detected, respectively, showing that 
fewer proteins were affected by elevated pCO₂-treatment 
in P. damicornis than in S. pistillata (Tables S1-S2), espe-
cially at high pCO2 conditions, revealing distinct proteomic 
changes.

Multivariate analyses of all DAPs of each species con-
firmed strong reproducibility, with biological replicates 
clustering tightly within treatments in principal component 
analyses (Fig. 2). When the PCA was extended to all quan-
tified proteins (Fig. S1), only S. pistillata showed a partial 
treatment separation, whereas P. damicornis samples largely 
overlapped. This pattern indicates that the stronger OA 
response of S. pistillata involved broader proteome-wide 
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shifts, while changes in P. damicornis were confined to a 
smaller subset of proteins.

Volcano plots (Figs. 3, S1, S3) revealed species-specific 
responses to ocean acidification, highlighting the num-
ber and direction of regulated proteins under moderate 
and high pCO2 treatments relative to control conditions. 
These patterns show a stronger and more directional pro-
teomic response to elevated pCO2 in S. pistillata, while P. 
damicornis responded more modestly and variably across 
treatments.

Changes of protein abundances across treatments

To focus further on the most reliably identified proteins 
(identified by ≥ 1 unique peptides) and only those that 
showed the most substantial increases or decreases com-
pared to controls, we excluded all DAPs with log2FC < 1, 
the symbiont-associated proteins as well as those that were 
only significantly different between high and moderate 
pCO2 treatments from further analysis and discussion. This 
resulted in 219 differentially concentrated proteins (DCPs) 
for S. pistillata and only 33 remaining DCPs for P. dami-
cornis (colored protein in Figs. 3 and 4).

For S. pistillata, ten proteins were decreased and three 
were increased in response to moderate OA, while high 
OA elicited a much stronger response, with 131 proteins 
decreasing and 85 increasing in abundance compared 
to controls (Figs. 4, 5 and Table S3). Interestingly, ten 
proteins exhibited overlapping responses across both OA 
levels, with one decreased and nine increased in quantity, 
highlighting a core set of proteins consistently involved in 
OA acclimatization.

In P. damicornis, moderate OA resulted in six decreased 
and 12 increased proteins, whereas high OA caused nine 
proteins to decrease and 15 to increase in abundance 
(Figs. 4, 6 and Table S5). Notably, nine proteins exhib-
ited consistent changes across both OA levels, including 
three decreased and six increased proteins, demonstrating 
a shared proteomic basis for responses at different levels 
of acidification.

The functional gene ontology (GO) analysis revealed 
species-specific patterns of protein quantity changes under 
both elevated pCO₂ conditions, evident in the distribution 
patterns of functional groups assigned to DCPs (Figs. 3, 5, 
6 and S2). Their functional implications are outlined in the 
SI and discussed below.
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Discussion

Proteomic approach and methodological considerations

We applied a previously developed high-throughput prot-
eomics approach for reef-associated holobionts (Stuhr et al. 
2018, 2021) to study responses of two tropical scleractin-
ian coral species under ocean acidification scenarios. The 
protocol was adapted for tissue availability, with quality 
control steps ensuring robustness. However, the limited 
symbiont protein identification in both corals and across all 
treatments indicates that Symbiodiniaceae cell lysis within 
coral homogenates may have been insufficient due to the 
resistant dinoflagellate cell walls. Although other stud-
ies also reported low proportions of annotated symbiont 
proteins (Lin et al. 2022) or muted symbiont gene expres-
sion responses in hospite (Jiang et al. 2022), we decided 
to exclude the response of the Symbiodiniaceae proteome 
in our study and recommend future studies improve host-
symbiont separation through centrifugation and stronger 
dinoflagellate cell lysis methods.

Protein identification rates were slightly higher in S. pis-
tillata than P. damicornis (5,392 vs 3,486 host proteins). 
This difference may result from genome annotation coverage 
differences (Voolstra et al. 2017; Cunning et al. 2018). Yet, 
after quality control, symbiont-protein removal and filtering 
for those that were common across all treatments, 1,614 and 
1,013 proteins remained, respectively. S. pistillata exhibited 
a substantially stronger proteomic response to elevated pCO₂ 
(Figs. 2a, 3a, 4), with more than sixfold more differentially 
concentrated proteins (DCPs) than P. damicornis (Figs. 2b, 
3b, 4), which indicate distinct species-specific strategies 
under severe OA conditions. The broad response of S. pis-
tillata is also evident at the global level (Fig. S1), where it 

shows separation of the high pCO₂ treatment, indicative for 
a more systemic, coordinated proteomic shifts, whereas P. 
damicornis exhibited limited and more variable adjustments.

We consequently compare both species’ data and put it 
into the context of other molecular studies on OA effects on 
coral. However, comparing OA experiments from the litera-
ture is challenging due to different host-symbiont associa-
tions, setups, and methodologies (Wahl et al. 2016). Many 
immediate gene expression responses to OA are transient 
(Moya et al. 2015; Rocker et al. 2015), while proteomic 
changes offer more stable acclimation (Diz et al. 2012). 
Unfortunately, mainly transcriptomic studies are available 
for comparison while proteomic analyses of coral responses 
to ocean acidification remain rare, limiting direct molecu-
lar comparisons across studies. Where relevant, we there-
fore reference gene expression studies to illustrate general 
regulatory trends and to highlight which of these predicted 
processes are supported (or not) by our proteomic evidence.

Proteomics reveals species‑specific metabolic strategies 
under OA

Overall, the effects of acidification on coral health are dose-
dependent and species-specific. Both species in this experi-
ment showed increased growth rates (measured via buoyant 
weight changes) with increasing pCO2 (Guillermic et al. 
2021; Cameron et al. 2022) and higher photosymbiont or 
photopigment densities (Fig. 1). This continuous enhanced 
growth was attributed to elevated CO2 fertilizing Symbio-
diniaceae photosynthesis (Ries et al. 2009; Herrera et al. 
2021; Helgoe et al. 2024). Enhanced dissolved inorganic 
carbon (DIC) fixation and photosynthate production may 
benefit the coral host through increased energy supply, ena-
bling stronger proton-pumping activity and elevated pHCF, 

Fig. 4   Venn diagrams showing 
numbers of DCPs in a Sty-
lophora pistillata and b Pocil-
lopora damicornis at moderate 
and high pCO2 compared to 
controls; respective percentages 
(%) of all identified proteins 
common across treatments 
below; increases and decreases 
indicated by arrows
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FGFR2 Fibroblast growth factor receptor 2
IFT172 intraflagellar transport
HMCN1 G2F domain; hemicentin-1-like isoform X1
protein tyrosine kinase collagen receptor; discoidin domain-containing
LBR transmembrane 7 superfamily member 2; delta(14)-sterol reductase TM7SF2-like
Metalloaminopeptidase activity
Protein of unknown function
Glutathione hydrolase activity
GPR98 adhesion G-protein coupled receptor V1-like
ZP domain-containing protein
SF3B2 mRNA splicing, via spliceosome
MATN1 chondrocyte morphogenesis, cartilage matrix protein-like
Trypsinogen activation
Sporulation-specific protein 15-like
ABC transporter F family member 4-like
Low-density lipoprotein receptor-related protein 6, scavenger receptor
DAP Death associated protein
PTPRD Protein tyrosine phosphatase, receptor type D
N/A33, hypthetical ubiquitin protein ligase
Tropomyosin beta chain
Calmodulin, calcium ion binding
SLC3A1 maltose alpha-glucosidase; amino acid transport protein rBAT-like
SYAP1 TORC2 signaling; synapse-associated protein 1-like
PTPN23 protein tyrosine phosphatase activity
Calretinin-like; protein connecting tubule development
N/A12
Lipoxygenase
P4HA2 procollagen-proline 4-dioxygenase activity
NME2 / synthesis of nucleoside triphosphates other than ATP; NDK kinase
PLEKHF2 metal ion binding
PDXK pyridoxal 5'-phosphate salvage
UPB1 beta-ureidopropionase activity
POLI DNA-directed DNA polymerase activity
Enoyl-CoA hydratase/isomerase
RNA binding
ABCB11 ATP-binding cassette, subfamily B; multidrug resistance protein 1-like
Aldehyde dehydrogenase (NAD) activity
Aldehyde dehydrogenase (NAD) activity
TGFB1I1 Roundabout binding; paxillin isoform X1
Peroxidase activity
BCAT1 L-isoleucine transaminase activity
Putative deferrochelatase/peroxidase YfeX; Pyruvate formate lyase-like
Disintegrin and metalloproteinase domain-containing protein
L-tyrosine decarboxylase;
Copine-3-like isoform X1, cellular response to calcium ion
Uncharacterized protein LOC111325847
NDUFV1 FMN binding
RAE1 mRNA export
Collagen alpha-4(VI) chain
ALOX5 Arachidonate 5-lipoxygenase, allene oxide synthase-lipoxygenase protein-like
Glycosyl transferases group 1
ALOX5 arachidonate 5-lipoxygenase activity; allene oxide synthase-lipoxygenase protein-like
GSA-1 G-protein complex binding
RHOA small GTPase
OSTF1 SH3 domain binding
ISYNA1 intramolecular lyase activity; inositol-3-phosphate synthase 1-A-like
Negative regulation of bile acid biosynthetic process
Transferrin; Major yolk protein
CRYL1 L-gulonate 3-dehydrogenase, lambda-crystallin-like isoform X1
FAHD2A hydrolase activity
DHRS1 Dehydrogenase reductase SDR family member
EGF and laminin G domain-containing protein-like, biological adhesion
DMGDH dimethylglycine dehydrogenase activity
NCAM2 aneural cell adhesion molecule 1-like isoform X1
DNA-binding protein HEXBP-like
RPL24 ribosomal protein
ERP44 endoplasmic reticulum
Domain abundant in complement control proteins, SUSHI repeat
Integumentary mucin C.1-like
RAC2 Ras-related C3 botulinum toxin substrate
GALK1 galactokinase-like
CDC42 imaginal disc-derived wing hair outgrowth
PA2G4 rRNA processing
Proto-oncogene tyrosine-protein kinase Yrk-like
Annexin A4-like, Calcium-dependent phospholipid binding
NPEPPS metalloaminopeptidase activity
EHD4 / TRAFAC class dynamin-like GTPase
Collagen alpha-5(VI) chain-like, Calcium ion binding
Vitellogenin-like protein, nutrient reservoir activity
PCK1 phosphoenolpyruvate carboxykinase activity
Transmembrane EMP24 domain-containing protein
Nurf-38 inorganic diphosphatase activity
Threonyl-tRNA aminoacylation
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supporting calcification. While both species increased pro-
ton regulation of their calcifying fluid, i.e., the difference 
between seawater and calcifying fluid proton concentra-
tions ∆[H+] as measured by microelectrodes with increas-
ing pCO2 (Guillermic et al. 2021; Cameron et al. 2022), S. 
pistillata showed an over twofold higher growth compared 
to P. damicornis. This implies greater biological control over 
pHCF, causing higher energetic demand in S. pistillata under 
OA conditions. S. pistillata in other studies maintained bet-
ter pH of the extracellular calcifying fluid under acidifica-
tion, compared to P. damicornis (Venn et al. 2019).

Ocean acidification triggered distinct proteome responses 
between S. pistillata and P. damicornis, highlighting differ-
ent metabolic strategies despite close phylogenetic relation-
ship. S. pistillata showed more differentially concentrated 
proteins under elevated pCO2 compared to controls (DCPs), 
indicating extensive metabolic adjustments that may reflect 
both active reprogramming and heightened cellular stress 
while P. damicornis exhibited fewer changes (Fig. 4). These 
responses align with previous observations on these corals 
(Guillermic et al. 2021; Cameron et al. 2022) and reveal dif-
ferences in each species’ capacity for physiological acclima-
tization. Remarkably, the moderate pCO2 treatment (~ 940 
ppm) caused only limited proteomic adjustments in both 
species (Fig. 4, Tables S1–S2) with few consistent direc-
tional changes, which shows that cellular homeostasis was 
largely maintained under near-future acidification levels. 
Such resilience may reflect efficient physiological buffer-
ing or the capacity of these corals to tolerate incremental 
decreases in seawater pH.

For S. pistillata (Figs. 5, S2-S3, Tables S1-S2), the pro-
teome showed depletion of enzymes linked to carbon and 
lipid metabolism (ALDH1L2, PCK1, SELENBP1, MYP), 
amino acid turnover (BCAT1, UPB1), and cofactor metabo-
lism (PDXK), as well as small molecule and carboxylic acid 
catabolism (BPHL, FAHD2A), suggesting broad metabolic 
suppression for energy conservation. The species increased 
multiple ion transporters and some stress-related proteins 
(ATP1B1, STOM, SLC9A3R1, SLC25A11, cell death-
inducing and heat shock factors), implicating a shift toward 
supporting calcification fluid chemistry and cellular defense. 
Extracellular matrix (ECM) components (HMCN1, MATN1, 

laminin, collagen isoforms) were differentially abundant, 
indicating selective remodeling of the organic matrix.

By contrast, P. damicornis displayed fewer proteomic 
changes (Figs. 6, S4, Tables S4-S5), with metabolic proteins 
ALDH1L2, FBP1, CRAT​, and ASNS slightly decreased, but 
the absence of broad suppression suggests a conserved meta-
bolic baseline. Notably, some antioxidant and redox-related 
proteins (TXNDC17, MOXD1, SELENBP1) increased, 
showing enhanced oxidative stress response. Elevated tro-
pomyosin, hemicentin-1, CHL1, NCL1, and calbindin-32 
indicate cytoskeletal and cell adhesion adaptations, while 
modest changes in signaling proteins (EIF3A, GIGYF2, 
GLIPR2, ADRBK2) suggest subtle intracellular commu-
nication responses. This indicates a measured approach to 
sustaining energy metabolism and structural integrity, poten-
tially reflecting lower energetic demands or an inherently 
efficient stress response strategy. Membrane transport com-
ponents ATP2A2, SLC8A1, and NSF vesicle-fusing ATPase 
showed varied trends, hinting toward nuanced alterations in 
ion homeostasis.

Stylophora pistillata: Intense metabolic reallocation 
and energetic trade‑offs

In S. pistillata, a high overall number of DCPs emerged with 
increasing pCO2—especially under the high pCO2 treatment, 
where the DCP count exceeded that at moderate pCO2 by 
nearly 16-fold. This upsurge in regulated proteins under-
scores strong cellular support for physiological plasticity 
and metabolic adjustments under OA. The broad reduction 
of proteins associated with energy metabolism, including 
BPHL, PDXK, BCAT1, UPB1, and FAHD2A, indicates 
suppression of vitamin B6 metabolism, amino acid deg-
radation, and oxidation of small organic molecules. Such 
metabolic suppression is a hallmark of stress mitigation in 
corals, including seawater acidification (Kaniewska et al. 
2012; Moya et al. 2012; Putnam et al. 2016; Glazier et al. 
2020; Scucchia et al. 2021), allowing energy reallocation 
for cellular maintenance. While differential expression of 
lipid metabolism genes was reported in other experiments 
(Moya et al. 2012) and CO2-seep adapted corals (Kenkel 
et al. 2018), increased feeding rates and lipid storages in 
Acropora cervicornis, Cladocora caespitosa and Astroides 
calycularis (Towle et al. 2015; Hulver et al. 2024) likewise 
indicate behavioral and metabolic plasticity as key OA 
responses.

S. pistillata’s response to high pCO2 featured increased 
ion regulatory proteins for intracellular homeostasis and pH 
regulation, contrasting these metabolic cutbacks. Na+/K+-
transporting ATPases, often localized to the calicoblastic 
epithelium support electrochemical gradients facilitating 
proton extrusion (Zoccola et al. 2015; Barott et al. 2020; 
Capasso et al. 2021). The observed upsurge of ATP1B1 

Fig. 5   Heatmap of all differentially concentrated proteins at moder-
ate (~ 940 ppm; n = 35) and the top 60 DCPs at high (~ 2,800 ppm; 
n = 60) pCO2 levels compared to controls (~ 480 ppm; GLM, p ≤ 0.05 
and log2FC ≥  ± 1) in Stylophora pistillata, with functional group-
ing indicated by colors and core proteins changed in quantity in both 
treatments in bold or italics (if contrasting). Dendrograms indicate 
cluster analyses of treatments and DCPs using correlation distance 
and average linkage, based on log-transformed mean normalized 
spectral abundance factor (NSAF) values. Rows are centered by unit 
variance scaling; protein names and short descriptions are included. 
The full heatmap of all DCPs is included in appendices as Fig. S3, 
with detailed descriptions in Table S3
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suggests its involvement. The increase of SLC9A3R1, a 
scaffold protein regulating Na+/H+ exchangers, indicates 
enhanced acid–base regulation at the tissue-skeleton inter-
face, as previously observed by increased other SLC9 family 
member expression at reduced pH (Capasso et al. 2021). 
STOM modulates acid-sensing ion channels, similar to 
other acid–base sensing enzymes localized in coral calcify-
ing cells, helping elevate pH at calcification sites (Barott 
et al. 2020). Collectively, these may maintain proton gra-
dients essential for calcification (Vidal-Dupiol et al. 2013; 
Zoccola et al. 2015; Davies et al. 2016). This aligns with 
studies on pH regulation in biomineralization under OA 
(Venn et al. 2019). The abundance of ABC transporter F 
family member 4-like, LDL receptor-related protein 6 and 
mitochondrial carrier protein SLC25A11 were also highly 
elevated, possibly serving in ion, energy and nutrient trans-
port and signaling roles. While the expression and methyla-
tion state of such genes was reduced under long-term low 
pH (Liew et al. 2018), SLC4δ and ABCG4 increased in the 
proteome of Galaxea fascicularis after 10 days (Lin et al. 
2022). Along with our proteomic data, this emphasize that 
transcript-level changes may not necessarily translate into 
lower protein abundance.

Marked elevation of cytoskeletal proteins under high 
pCO2 (myosin, spectrin, calmodulin) showed support of 
vesicle trafficking and intracellular delivery of calcifica-
tion-related materials (Mass et al. 2016; Takeuchi et al. 
2016). Concurrently, organic matrix proteins involved in 

mineral scaffolding (tropomyosins, calbindin, ZP-domain 
proteins) increased, while others (von Willebrand factor 
type A, annexin A4-like protein, collagen and laminin iso-
forms) were decreased. Selective remodeling of the extra-
cellular OM may modulate nucleation sites, crystal orien-
tation, and skeletal morphogenesis under OA (Peled et al. 
2020; Zaquin et al. 2022). Observed proteomic changes 
support mechanisms by which corals maintain structural 
skeleton organization despite altered saturation states 
(Mass et al. 2016; Leiva et al. 2023), supporting findings 
that organic molecules can modify CaCO3 polymorphs 
for a structural rather than catalytic role in calcification 
(Hohn and Reymond 2019). Cytoskeletal and scaffolding 
proteins often respond under stress (Maor-Landaw and 
Levy 2016), demonstrating cytoskeletal framework rein-
forcement. Likewise, S. pistillata under OA for ~ 2 years 
strongly increased expression of proteins providing struc-
tural support within the ECM (Liew et al. 2018).

In tandem, S. pistillata boosted levels of stress response 
proteins, including glutathione and quinone oxidoreduc-
tases (GST, QOR), heat shock factors, and chaperones, 
while other antioxidants such as catalase declined. Stress 
response markers (HSPs, HSFs) were likewise overex-
pressed in juvenile A. millepora (Lin et al. 2022), along 
with Bcl-2 genes, peptidases and caspases, indicating 
apoptosis suppression at elevated pCO2 to be an acclima-
tion mechanism (Moya et al. 2015).

CRAT Carnitine O-acetyltransferase
RPS23 40S Ribosomal protein S23
NSF Vesicle-fusing ATPase
FBP1 Fructose-1,6-bisphosphatase 1
LARS Leucine--tRNA ligase, cytoplasmic
ASNS Asparagine synthetase, glutamine-hydrolyzing
GIGYF2 PERQ amino acid-rich with GYF domain-containing protein 2
ALDH1L2 Cytosolic 10-formyltetrahydrofolate dehydrogenase
GRK3 Beta-adrenergic receptor kinase 2; ADRBK2 protein kinase
VARS Valine--tRNA ligase
MELTF Melanotransferrin
AKAP9 A-kinase anchor protein 9
HMCN1 Hemicentin-1
TROP1 Tropomyosin-1
SNRPA U1 small nuclear ribonucleoprotein A
N/A4, Golgin subfamily A member 6-like protein 1
Endothelin-converting enzyme homolog; Metalloendopeptidase
TPM2 Tropomyosin-2
MLC-c Myosin-2 essential light chain
Fibronectin type III domain-containing protein; CHL1 Cell adhesion molecule
MOXD1 DBH-like monooxygenase protein 1
NCL1 Nicalin-1, may antagonize Nodal signaling
CKB Creatine kinase B-type
CBP53E Calbindin-32, connecting tubule development
MLS Malate synthase
N/A
EIF3A, Eukaryotic translation initiation factor 3 subunit
GLIPR2 Golgi-associated plant pathogenesis-related protein 1
PLA2G4A Cytosolic phospholipase A2
MAGI2 Membrane-associated guanylate kinase
TXNDC17 Thioredoxin domain-containing protein 17
PRKAR1A cAMP-dependent protein kinase type I-alpha regulatory subunit
SELENBP1 Selenium-binding protein 1
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Fig. 6   Heatmap of all differentially concentrated proteins (n = 33) at 
moderate (~ 940 ppm) or high (~ 2,800 ppm) pCO2 levels compared 
to controls (~ 480 ppm; GLM, p ≤ 0.05 and log2FC ≥ 1) in Pocillo-
pora damicornis, with functional grouping indicated by colors and 
core proteins changed in quantity in both treatments in bold or italics 

(if contrasting). Dendrograms indicate cluster analyses of treatments 
and DCPs using correlation distance and average linkage, based on 
log-transformed mean normalized spectral abundance factor (NSAF) 
values. Rows are centered by unit variance scaling; protein names and 
short descriptions are included, with detailed descriptions in Table S5
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Finally, despite the observed depression in host metabolic 
pathways, S. pistillata showed significantly increased Sym-
biodiniaceae densities, i.e., a higher color-based photosym-
biont index (Fig. 1; Cameron et al. 2022). This supports 
the idea that the enhanced symbiont populations may help 
compensate the coral’s energy budget under high pCO2 con-
dition by sustaining the translocation of photosynthates to 
the host (Tremblay et al. 2013; Gibbin and Davy 2014). This 
aligns with previous observations of other resilient corals 
that exhibit increased investment in cellular maintenance 
and calcification-related processes under acidification stress 
(Scucchia et al. 2021; Jiang et al. 2022). Overall, S. pistil-
lata under OA presents a high-energy, plastic physiological 
response that may sustain calcification and growth despite 
increased metabolic costs, potentially balanced by enhanced 
symbiont density.

Pocillopora damicornis: Moderate adjustments 
indicating balanced response

By contrast, P. damicornis displayed fewer DCPs across 
both moderate and high pCO2 conditions, with higher inter-
individual variation in protein abundances (Fig. 3). Rather 
than a strong metabolic shutdown, its proteomic profile hints 
at a more balanced approach to OA stress. Core metabolic 
enzymes including ALDH1L2, FBP1, CRAT, and ASNS 
were slightly decreased, indicating mild suppression of 
energy metabolism. This suggests P. damicornis maintained 
stable baseline metabolism by mobilizing energy reserves to 
meet physiological demands as previously suggested for P. 
damicornis and other pocilloporids at low pH due to upregu-
lation of autotrophic and heterotrophic related genes (Vidal-
Dupiol et al. 2013; Scucchia et al. 2021).

Moreover, some signaling, DNA/RNA processing, and 
cell adhesion proteins decreased (e.g., 40S ribosomal protein 
S23, Leucine- and Valine–tRNA-ligases LARS and VARS, 
an insulin-like growth factor GIGYF2, and ADRBK2). Their 
response resembles S. siderea, which responded paraboli-
cally to severe OA treatments (Castillo et al. 2014), upregu-
lating metabolic pathways and specific transporters (Davies 
et al. 2016) to sustain calcification, but probably reaching 
adaptive limits at extreme pCO2 levels.

Cytoskeletal and structural proteins like tropomyosin, 
calbindin, HMCN1, CHL1, and NCL1 were moderately 
increased, indicating subtle cellular remodeling. The eleva-
tion of MYL6 may indicate changes in actin-myosin dynam-
ics relevant to both contraction and intracellular transport. 
Interestingly, MYL6 abundance diverges from its depression 
in the G. fascicularis proteome under short-term low pH 
(Lin et al. 2022), suggesting time- or species-specific roles.

Unlike S. pistillata, more antioxidant and redox-related 
proteins, such as TXNDC17, MOXD1, and SELENBP1, 
were increased, showing enhanced oxidative stress 

management in P. damicornis. Acidification can lead to 
accumulation of reactive oxygen species (ROS), damaging 
lipids and membranes, triggering anticipatory or homeo-
static antioxidant responses through upregulation of detoxi-
fication pathways to enhance tolerance (Maor-Landaw and 
Levy 2016).

As in S. pistillata, only few membrane transport compo-
nents (Golgin subfamily A member 6-like protein 1, sarco-
plasmic/endoplasmic reticulum Ca2+-ATPase ATP2A2, Na+/
Ca2+ exchanger SLC8A1, and NSF vesicle-fusing ATPase) 
changed without consistent directionality, possibly reflect-
ing localized regulation. Two stimulus response receptor-
type proteins decreased in P. damicornis, indicating immune 
response strategies linked to long-term acidification adapta-
tion (Kenkel et al. 2018; Leiva et al. 2023). These patterns 
indicate a balanced strategy—enough metabolic adjustment 
to protect essential functions, without the extensive realloca-
tion seen in S. pistillata.

From proteomic shifts to physiological resilience

In both species, maintained calcification under elevated 
pCO2 highlights the importance of well-orchestrated 
acid–base regulation and photosymbiont contributions, 
supporting findings that stable calcification under high OA 
relates to increased biological control of calcifying fluid 
chemistry (Ries et al. 2009; Leung et al. 2022). Yet, the 
integration of proteomic changes with measured physiologi-
cal outcomes shows differential resilience strategies in S. 
pistillata and P. damicornis under OA, diverging in magni-
tude and function.

S. pistillata showed a shift in energy allocation, investing 
in ion transport (ATP1B1, SLC9A3R1), cytoskeletal reor-
ganization (tropomyosin, calmodulin), and ECM synthesis 
(HMCN1, MATN1, collagen), with a drop in general metab-
olism (PDXK, UPB1, BCAT1). These data support findings 
that S. pistillata increases physiological performance (i.e., 
growth and calcification) under high pCO2 by investing in 
homeostatic regulation (Guillermic et al. 2021), a pattern 
consistent with elevated internal pHCF under OA (Venn et al. 
2019; Cameron et al. 2022). This requires metabolic cost, 
likely offset by increased photosymbiont density or het-
erotrophic feeding, which increases under elevated pCO2 
(Towle et al. 2015; Hulver et al. 2024).

In contrast, P. damicornis adopted a more moder-
ate strategy, maintaining metabolic function with lim-
ited systemic suppression of energy-producing and ion-
regulating processes. While moderate adjustments in ion 
transport (ATP2A2, NSF) and oxidative stress proteins 
(TXNDC17, MOXD1) were evident, no widespread prot-
eomic reprogramming occurred. This aligns with a strategy 
focused on physiological stability over flexibility, supporting 
observations of more conservative phenotypic plasticity in 
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this species (Vidal-Dupiol et al. 2013; Jiang et al. 2022). 
Venn et al. (2019) reported that the pH regulation of ECM 
and calicoblastic cells declined more in P. damicornis than 
S. pistillata under OA treatment, in line with our proteomic 
results.

The integration of molecular and physiological data 
reveals how divergent proteomic strategies align with differ-
ent modes of resilience: a metabolically plastic, energetically 
demanding strategy in S. pistillata versus a balanced, poten-
tially less flexible approach in P. damicornis. These align 
with responses under thermal stress (Guillermic et al. 2021; 
Cameron et al. 2022), where P. damicornis showed decreas-
ing pHCF and skeletal dissolution under all OA treatments, 
while S. pistillata did not. P. damicornis also exhibited more 
intense bleaching under thermal stress, indicating overall 
lower resilience to climate change. S. pistillata’s stronger 
proteomic response explains its maintained physiological 
function despite OA stress, while P. damicornis’ moderate 
proteomic shifts may have been insufficient to effectively 
counteract stressors. These strategies help explain species-
specific OA tolerance differences across reef-building corals 
(Hoadley et al. 2015; Putnam et al. 2016), highlighting the 
importance of integrating cellular-level responses (e.g., pro-
teomic) with whole-organism outcomes (e.g., calcification, 
bleaching) to better predict species-specific vulnerabilities 
under future climate change scenarios.

Biological control of calcification and ecological 
implications

The proteomic data strongly support that biological control 
of calcification plays a critical role in coral responses to 
OA. Both species showed quantitative changes of key pro-
teins involved in pH homeostasis, ion transport, and ECM 
structure, consistent with maintaining favorable calcifying 
conditions via active cellular processes being essential under 
low pH (Ries 2011; Zoccola et al. 2015; Venn et al. 2019). 
In S. pistillata, the increase of SLC9A3R1, SLC25A11, and 
ATP1B1 suggests enhancement of proton and ion transport 
capacity, potentially contributing to acid–base regulation in 
calcifying or intracellular compartments, consistent with 
biological control of calcifying fluid pH, although a con-
tribution from symbiosome or lysosomal acidification can-
not be excluded. In contrast, several other ion transport and 
trafficking proteins (ATP1B1, NSF, Copine-3-like protein, 
EHD4/TRAFAC class dynamin-like GTPase) were depleted. 
Depression of proton-channel expression, but increases of 
sodium–potassium transport, cell membrane receptors and 
ABC transporters appear common in cnidarian cells under 
OA (Kaniewska et al. 2012; Maor-Landaw and Levy 2016; 
Lin et al. 2022), while increased transcription of ECM pro-
teins (laminin, collagen, MATN1, HMCN1) may support 
matrix-mediated nucleation control and crystal growth 

regulation under altered conditions (Mass et al. 2016; Peled 
et al. 2020).

Carbonic anhydrases (CAs), central to DIC speciation 
and carbon-concentrating mechanisms (CCM) that supply 
CO2 for symbiont photosynthesis, commonly responding to 
environmental changes (Zoccola et al. 2015, 2016), were 
not among the DCPs in either species, consistent with other 
proteomic studies on corals (Lin et al. 2022). While CA gene 
expression and enzyme activities decreased in S. pistillata 
under long-term low pH (Zoccola et al. 2016), other stud-
ies showed varied responses from no impacts to increased 
expression (Hoadley et al. 2015; Vidal-Dupiol et al. 2013; 
Scucchia et al. 2021; Kenkel et al. 2018). These variations 
may reflect species-specific CCM regulation differences 
and reduced need for CA-mediated CO2 supply under acidi-
fication and highlight the gap from gene expression level 
changes to proteomic and hence phenotypic outcomes. 
For calcification under OA, CAs may be less critical than 
assumed. Yet, other transporters may play important roles. 
Solute carrier (SLC) family proteins SLC8A1 and SLC3A1, 
increased in our study in P. damicornis and S. pistillata, 
respectively, are bicarbonate transporters associated with 
intracellular DIC delivery to photosymbionts, but some also 
deliver HCO3

− to the site of calcification, and commonly 
respond to OA (Zoccola et al. 2015; Lin et al. 2022). Hence, 
they may fulfill an important function, alongside vesicle-
mediated transport and matrix protein regulation (Leiva 
et al. 2023), and might take precedence in longer-term OA 
acclimatization.

These findings support that corals can modulate intracel-
lular machinery and skeletal micro-environments to buffer 
against OA. However, such adjustments require energy and 
may only be sustainable in species with sufficient energetic 
reserves or photosynthetic support. Biological control of 
calcification is both a central mechanism of resilience and 
potential bottleneck under multi-stressor scenarios.

Molecular mechanisms and emerging themes of coral 
acclimatization to OA

Previous studies on both species found that DNA methyla-
tion increases with decreasing pH (Putnam et al. 2016; Liew 
et al. 2018), but fewer biomineralization-related genes were 
altered than expected, mainly affecting organic and cellu-
lar matrix components, which suggests a change in their 
scaffolding structures. Instead, mitogen-activated protein 
kinase (MAPK) signaling and cell growth pathways changed 
through variations in the JNK (c-Jun N-terminal kinase) 
pathway, delaying cell division and increasing cell and body 
growth (Liew et al. 2018). While a universal ‘biomineraliza-
tion toolkit’ is unlikely (Gold and Vermeij 2023), common 
functional protein groups—such as vWF-domain adhesion 
proteins, protease inhibitors, and enzymes—appear critical 
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to coral calcification across species. These components may 
assist nucleation and OM organization, with OM production 
thought to lower aragonite crystal growth costs (Tambutté 
et al. 2015; Zaquin et al. 2022). In S. pistillata, we observed 
increased abundance of few stress-related proteins (glu-
tathione hydrolase GSH, apoptotic markers) coupled with 
depletion of MAPK/JNK signaling proteins. These changes 
reflect reorganization of growth and skeletal morphology, 
consistent with polyp upscaling and increased skeletal 
porosity linked to epigenetic changes under OA (Liew et al. 
2018). Such responses maintain linear extension despite 
reduced calcification efficiency. Consistent upregulation 
of Myosin-2 in acroporid populations from CO₂ seep envi-
ronments (Kenkel et al. 2018; Leiva et al. 2023) and both 
studied species may reflect a conserved mechanism for OM 
delivery and cytoskeletal remodeling under stress. In apos-
ymbiotic cold-water coral Lophelia pertusa, long-term low 
pH led to no differential CA expression, but colonies main-
taining calcification showed unique overexpression of genes 
for proton transport and formation of microtubules and OM 
(Glazier et al. 2020), further supporting their relevance to 
OA resilience.

Our results align with understanding that coral accli-
matization involves complex cellular strategies—span-
ning OM production, cytoskeletal restructuring, and ion 
regulation. These mechanisms at the proteomic level offer 
insight into reef-building corals’ response to sustained ocean 
acidification.

Conclusions

Our study is among the first to integrate high-throughput 
proteomics with physiologic data on corals subjected to mul-
tiple long-term pCO2 treatments. It provides insights into 
cellular mechanisms underlying coral responses to ocean 
acidification, highlighting species-specific proteomic sig-
natures that diverge from canonical expectations. Contrary 
to assumptions that OA universally induces upregulation of 
proton pumps and ion transporters, our results show these 
responses are more nuanced and context-dependent. The dif-
ferential proteomic responses between species underscore 
the importance of cellular plasticity in coral resilience. 
While S. pistillata adopts a dose-dependent metabolically 
intensive but flexible response strategy, P. damicornis 
maintains a more restrained molecular profile that might 
be advantageous under stable conditions but offers limited 
protection against compounding stressors. These differences 
between closely related pocilloporid coral species highlight 
the importance of biodiversity for reef resilience under 
future ocean scenarios.

This study demonstrates the value of proteomic approaches 
in coral ecophysiology. Unlike holobiont-level physiological 

metrics alone, high-resolution compartment-specific pro-
teomic data provide mechanistic clarity on pathways that 
corals deploy—or suppress—in response to environmental 
change. By linking protein-level adjustments with organismal 
outcomes, such as calcification and bleaching, proteomics 
enables a more nuanced understanding of coral resilience and 
susceptibility to climate change (Mayfield et al. 2022). This 
should yield additional avenues for reef restoration efforts and 
active interventions, such as human-assisted gene flow, selec-
tive breeding of corals, and ecosystem co-design (Westphal 
et al. 2022; Voolstra et al. 2023) applied toward coral reef 
management in a rapidly changing ocean environment.
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